that is improved with exercise training. The effects of training on skeletal muscle metabolism were evaluated in 26 patients with claudication, randomized into a 12-wk program of treadmill training (enhances muscle metabolic activity in normal subjects), strength training (stimulates muscle hypertrophy in normal subjects), or a nonexercising control group. Gastrocnemius muscle biopsies were performed at rest and before and after training. After 12 wk, only treadmill training improved peak exercise performance and peak oxygen consumption.
Treadmill training did not alter type I or type II fiber area and did not increase citrate synthase activity but was associated with an increase in the percentage of denervated fibers (from 7.6 t 5.4 to 15.6 t 7.5%, P < 0.05). Improvement in exercise performance with treadmill training was associated with a correlative decrease in the plasma (r = -0.67) and muscle (r = -0.59) short-chain acylcarnitine concentrations (intermediates of oxidative metabolism).
Patients in the strength and control groups had no changes in muscle histology or carnitine metabolism, but strength-trained subjects had a decrease in citrate synthase activity. Thus treadmill training increased peak exercise performance, but this benefit was associated with skeletal muscle denervation and the absence of a "classic" mitochondrial training response (increase in citrate synthase activity). The present study confirms the relationship between skeletal muscle acylcarnitine content and function in peripheral arterial occlusive disease, demonstrating that the response to treadmill training was associated with parallel improvements in intermediary metabolism.
peripheral vascular diseases; exercise; enzymes; carnitine; muscle denervation PATIENTS WITH PERIPHERAL arterial occlusive disease (PAOD) have atherosclerotic occlusions in the major arteries supplying their lower extremities. The arterial disease results in a restricted blood flow to skeletal muscle, particularly during exercise. During walking exercise, PAOD patients develop muscle ischemia and the symptom of intermittent claudication that results in a substantial impairment in walking ability (10). Thus the exercise impairment limits the ability of PAOD patients to perform activities essential for daily living (26).
In patients with claudication, the hemodynamic severity of the underlying vascular disease (defined by peripheral blood flow or ankle pressure) is not well correlated with treadmill performance (11). Therefore, in addition to the limited blood flow, other factors must contribute to the functional impairment in patients with PAOD. Previous studies have shown that patients with PAOD developed several histological, neurological, and metabolic changes in the skeletal muscle of their affected legs. These changes included alterations in fiber type distribution and denervation of distal motor nerve axons, which were associated with skeletal muscle weakness (27) .
Muscle ischemia may also adversely affect muscle metabolism. Patients with claudication accumulate lactate and intermediates of oxidative metabolism [short-chain (SC) acylcarnitines] in ischemic skeletal muscle at rest (14). Importantly, there was an inverse correlation between muscle SC acylcarnitine content in the diseased leg at rest and subsequent assessment of peak exercise performance (14). Also, in PAOD patients, muscle oxidative enzyme activities were directly correlated with treadmill exercise performance (19,24). Thus muscle enzyme activities and the status of the muscle carnitine pool may be considered indexes of functional disease severity and may serve as markers of the metabolic responses with exercise training.
Exercise rehabilitation, on the basis of walking exercise, is recognized as an important treatment strategy to improve exercise performance and community-based functional status in patients with claudication (13,26). When subjects were tested on a graded-treadmill protocol, exercise training increased claudication-limited peak oxygen consumption (VO,) 20-30%, suggesting an improvement in either oxygen delivery or oxygen utilization in skeletal muscle (12, 13). Exercise training in PAOD has been associated with an increase in muscle oxidative enzyme activities, suggesting improved muscle metabolism as a possible mechanism of the training response (4, 16). Exercise training also improves leg oxygen extraction in PAOD (30) . An increase in oxygen extraction may be related to a greater number of capillaries per fiber (enhanced by training under ischemit conditions), which would facilitate the diffusion of oxygen to muscle mitochondria (29, 33) .
Strength training is a potential alternate rehabilitation strategy that in normal subjects may improve exercise performance by hypertrophy of muscle fibers and increased strength (8). Given the previous findings of muscle weakness in patients with PAOD (27), strate-781 gies to improve the strength of the muscle groups in the lower extremities critical for walking were employed in the present study. On the basis of these concepts, this study challenged the hypothesis that, in patients with claudication, an increase in peak exercise performance with a treadmill-walking exercise program would be associated with evidence of an enhancement in skeletal muscle metabolism.
Similarly, improvements in exercise performance with strength training would be associated with an increase in muscle strength and fiber hypertrophy.
This hypothesis was tested by evaluating the effects of 12 wk of treadmill training or strength training on skeletal muscle function, histology, enzyme activities, and metabolic state as assessed by acylcarnitine metabolism.
METHODS
Patients. All subjects recruited for this study had intermittent claudication, defined as pain in the calf, thigh, or buttocks that limited walking ability and was relieved by rest. Claudication severity by history was stable over the previous 3 mo and was the limiting symptom during community-based activities and during treadmill exercise in the laboratory.
PAOD was confirmed by an ankle-to-brachial systolic blood pressure ratio (ABI) of CO.90 at rest that decreased to ~0.80 after exercise. Patients were excluded who had ischemic rest pain, ulceration, or gangrene. Previous vascular surgery or peripheral angioplasty in the past year were also causes for exclusion. Patients were not enrolled who were unable to walk on the treadmill at a speed of at least 2 mph or whose exercise capacity was limited by symptoms of angina, congestive heart failure, chronic obstructive pulmonary disease, or arthritis.
Diabetics were excluded because hyperglycemia has been suggested to adversely affect the response to a training program (28). Patients taking chronic medications were continued on their drugs, but the dosages were not changed during the study. The study was approved by the University of Colorado School of Medicine Human Subjects Committee, and informed consent was obtained from all enrolled subjects.
The demographics of the study population have been previously reported (13). Twenty-nine patients were enrolled and randomized into the study, of whom 26 consented to muscle biopsies on entry and after 12 wk of treatment. Patients in the three treatment groups were of similar age and weight and had similar cardiovascular risk factor profiles (Table 1) . Patients in the strength-training group had fewer years of symptomatic claudication (by self-report) than did patients in the other two groups. However, the resting and postexercise ABI values in the more severely diseased leg were similar among the three groups.
Design. All patients underwent initial testing and were randomized to one of two treatment groups or a control group. Control subjects were instructed to maintain their usual level of activity, whereas treated subjects were enrolled in a 12-wk program of either supervised treadmill-walking exercise or strength training.
The focus of this study is the change in skeletal muscle histology and metabolism that occurred after 12 wk. A second phase of the study involved a crossover into different treatment programs, but no additional muscle biopsies were performed. The details of the training regimens and the performance and functional results from the complete study have been previously reported (13,26).
Hemodynamic assessment.
At rest and after gradedtreadmill exercise, the ABI was measured as previously described (12,13). The leg with "worse"disease was defined as having the lowest resting and postexercise ABI.
?FeadmiZZ testing. Subjects were initially familiarized with the treadmill, with a second test on a subsequent day used for data analysis.
All subjects were tested with a gradedtreadmill protocol that has been previously described (11,12). Treadmill speed was held constant at 2 mph, and the work rate began at 0% grade and increased 3.5% every 3 min to maximal claudication pain. During exercise, heart rate (by 12-lead electrocardiograph) and arm blood pressure were monitored every minute. The time of onset of claudication pain was recorded when the patient first noticed calf pain during exercise. Peak exercise time was defined as the time on the treadmill at which the patient could no longer continue exercise because of severe claudication pain. At rest and during exercise, ~oZ and CO2 production (ho2> rates were measured continuously (Ametek/Thermox Instruments, Pittsburgh, PA). The instrument was calibrated with known concentrations of 02 and CO2 before each test. Peak vo2 was determined from the average of the final minute of data from the graded-treadmill protocol. Strength testing. Strength testing of the gastrocnemius muscle was performed supine with the leg extended on a Cybex dynamometer (Lumex, Ronkonkoma, NY). Joints not being tested were stabilized to prevent recruitment of other muscle groups. Each subject flexed and extended the foot with maximal effort on a pedal at a regulated speed of 6O"/s for a total of five repetitions.
This sequence was performed a second time, and the single maximal value for each muscle group (expressed in foot-pounds of peak torque) was used for analysis.
?Faining programs. Subjects randomized to the treadmillwalking exercise program were trained in a hospital setting three times per week for 1 h as previously described (12, 13). The training consisted of repetitive walking on a treadmill at a rate and grade that produced moderate claudication pain after 3-5 min of exercise, followed by a rest period to allow claudication pain to subside, then another series of exerciserest periods. The intensity of the treadmill-training program was advanced on a weekly basis as tolerated by increasing both walking speed and grade. isotonic training of five specific muscle groups in each leg as previously described (13). The training program consisted of applying a resistance to each muscle group with a cuff weight secured to the appropriate part of the leg. Subjects performed six contractions of each individual muscle group, followed by a rest period, and then repeated this circuit for a total of three sets per session per leg. Every 2 wk the exercise prescription was advanced as tolerated.
BZood coLLection and preparation. At rest, three samples of blood were drawn 5 min apart for the analysis of carnitine and acylcarnitines, with the average results reported. Each 5ml sample of blood was immediately placed in a heparinized tube on ice. The blood was centrifuged in chilled tubes at 600 g for 3 min, with plasma aliquots stored at -80°C until subsequent analysis.
Muscle biopsy. At rest, all patients underwent bilateral biopsies of the medial head of the gastrocnemius muscles. The skin was anesthetized with lidocaine, following which a 5-mm biopsy needle (Bergstrom muscle biopsy cannula, DePuy, Warsaw, IN) was used to remove -50-75 mg of tissue. Samples for analysis of enzyme activities and carnitine contents were immediately frozen in liquid nitrogen and stored at -80°C. For histological analyses, the muscle tissue was oriented in gum tragacanth on a wooden block, flashfrozen in liquid nitrogen-cooled isopentane, and stored at -80°C in closed containers.
Muscle histology. Serial lo-urn cryostat sections of muscle tissue were analyzed both for histopathological changes and for fiber type-specific characteristics.
Sections of tissue were stained for myosin adenosinetriphosphatase (pH 9.4 and 4.6) and NADH-tetrazolium reductase. These stains were used for qualitative analysis, as well as for evaluation of the presence of angular and target fibers (indicating denervation) or grouped fibers (evidence of reinnervation) (5, 25). The slides were counterstained with eosin for the determination of connective tissue.
The determination of the optimal number of fields needed to be sampled for quantitative analysis has been previously described (27). The cross-sectional area of each fiber type and the amount of connective tissue were estimated by using the point-grid method from cryostat sections stained for myosin adenosinetriphosphatase (pH 9.4) activity. For cross-sectional area calculations, every fifth microscopic field (field size, 0.113 mm2> was photographed and projected to a final magnification of x590 onto a grid. The points (line intersections) falling over type I fibers, type II fibers, and connective tissue were recorded for each microscopic field, and the total number of line intersections from all fields of a single cryostat section were then summed. The data for fiber type and connective tissue area are expressed as the percentage of the total area, which is the sum of the total number of points used for analysis. Angular and target fiber percentages were determined from every eighth microscopic field (field size, 0.293 mm2> projected to a final magnification of ~364. The number of angular or target fibers was counted in each field and expressed as a percentage of the total number of muscle fibers in the field. The surround factor was determined by counting the number of type I fibers and type II fibers contiguous with a type I fiber. The supernatant was then subjected to alkaline hydrolysis to convert SC acylcarnitine to carnitine, and carnitine was again measured to determine total acidsoluble (TAS) carnitine.
SC acylcarnitine concentration (acyl groups < 10 carbon atoms) was derived from the difference in the concentrations of TAS carnitine and carnitine. The ratio of SC acylcarnitine concentration to TAS carnitine concentration (SUTAS) provides a useful marker of changes in carnitine metabolism (2). Long-chain acylcarnitine concentration (acyl moiety of 10 or more carbons) was measured as carnitine after alkaline hydrolysis of the perchloric acid pellet. Total carnitine was the sum of the carnitine, SC acylcarnitine, and long-chain acylcarnitine concentrations. All assays were performed in duplicate, with the average results reported. In plasma, the carnitine results are expressed in micromoles, and in muscle as nanomoles per gram wet weight. StatisticaL analysis. A between-subjects analysis of variance was used to compare groups on entry. Student's t-test was used for paired data analyses before and after the treatment programs. Linear regression was used for calculating correlations between variables. Categorical data were analyzed by using the x2 test. Values are given as means * SD and considered significant when P < 0.05 in a two-tailed test.
RESULTS
Characterization of skeletal muscle in PAOD. This study provided the opportunity to characterize gastrocnemius muscle biopsies from a population of PAOD patients before they entered the training programs ( Table 2 ). The histological status of the two legs was similar in terms of fiber type area and grouping (surround factor). The percentage of angular fibers tended to be greater in the leg with worse disease (P = O.OSS), consistent with previous reports (27). The activities of phosphofructokinase and lactate dehydrogenase were similar, but citrate synthase activity was increased in the leg with worse disease. In the leg with worse disease, the resting ABI was inversely correlated with the citrate synthase activity such that patients with the lowest ABI had the highest citrate synthase activity (Fig. 1) . The t o a muscle carnitine content of the two t 1 legs was also similar, but there was an accumulation of SC and long-chain acylcarnitines in the more severely affected legs, and the SUTAS was increased in the legs with worse disease, as previously reported (14).
Effect of training on exercise performance. Twelve weeks of treadmill training increased the time to onset of claudication pain, peak walking time, and peak vo, but had no effect on gastrocnemius muscle strength (Table 3 ). All t readmill-trained patients had an increase in peak walking time, ranging from 2.5 to 12. min over baseline values. Eight of ten patients also had .
an increase in peak VO, (ranging from 0.7 to 7.6 ml.
kg -lernin-9, but two had a decrease in peak VO, of 0.7 and 1.6 ml-kg-lemin-l. Patients in the strengthtraining program had an increase in muscle strength but no improvement in treadmill-exercise duration or peak VO,. Control patients had no change in any performance measurement. Changes in skeletal muscle histology with training. In the leg with more disease, 12 wk of treadmill training, strength training, or nonexercising control did not alter type I or type II fiber area (Table 4) . However, there was a trend (P = 0.061) for an increase in the amount of connective tissue in patients who received treadmill training. Patients in the treadmilltrained group had a doubling of the percentage of angular and target fibers (both P < 0.05) from the exercise program, whereas there was no increase in these denervated fibers in the strength or control groups. The surround factor did not change in any of the groups over 12 wk.
In the leg with less disease, type II fiber area decreased after 12 wk of treadmill training (from 47.2 t 8.9 to 41.4 t 9.1%, P < 0.05), but there were no other changes in fiber area or connective tissue in any of the groups (data not shown). Importantly, there was no increase in angular or target fibers and no change in the surround factor in the leg with less disease in any group with training (data not shown).
Effect of training on skeletal muscle enzyme activities. Muscle enzyme activities, as assessed on entry and exit, demonstrated substantial intersubject heterogeneity (Fig. 2) . Treadmill training had no effect on citrate synthase activity but increased phosphofructokinase activity by 25% from 15.0 2 5.6 to 18.8 t 7.5 pmol min-l l g NCP l (P < 0.05). Lactate dehydrogenase activity was unchanged after treadmill training (0.52 t 0.22 mmolmin-l*g NCP-l on entry to 0.58 ? 0.34 mmol.mir+ l g NCP-l on exit). Strength training was not associated with changes in phosphofructokinase activity, but citrate synthase activity decreased 24% from 84.7 t 41.3 to 64.5 2 33.3 pmolmir+g NCP-l (P < 0.05). Lactate dehydrogenase activity was unchanged after strength training (0.65 5 0.41 mmol minl l g NCP-l on entry to 0.79 * 0.43 mmolmir+g NCP-l on exit). In the control group, there were no changes in citrate synthase or phosphofructokinase activities after 12 wk (Fig. 2) or in lactate dehydrogenase activity (0.47 t 0.19 mmol~min+g NCP-l on entry to 0.63 ? 0.42 mmol l min-l l g NCP-l on exit). In the leg with less disease, there were no changes in the three measured enzyme activities over 12 wk in any group* Effect of training on carnitine metabolism. The plasma concentrations of carnitine and acylcarnitines were measured on entry in the three treatment groups. After 12 wk, there was no change in any of these mean values in any group. However, consistent with previous reports (12), there was an inverse relationship between change in the plasma SCYI'AS and increase in peak walking time (r = -0.67, P < 0.05; y = -42.7x + 6.1).
There were no changes in the muscle contents of carnitine or acylcarnitines over 12 wk, except for a decrease in SC acylcarnitine content in the strengthtrained group (Table 5 ). This decrease was not associated with any changes in treadmill-exercise performance and was not associated with a decrease in the SC/TAS. In the treadmill-trained group, on the basis of the previously defined relationships between carnitine homeostasis and functional status (12,14), associations between changes in muscle carnitine metabolism and improvements in exercise performance were evaluated.
Seven patients improved peak VO, with training and had a decrease in resting muscle SC acylcarnitine content (Fig. 3) . The two patients who decreased their Muscle Short-Chain Acylcarnitine (nmollg) Fig. 3 . Relationship betw-een muscle short-chain acylcarnitine content and peak 02 uptake (VO,) in treadmill-trained subject's worse leg before and after training.
Entry value of each individual is represented by a closed circle and is connected to corresponding exit value, represented by an arrow to an open circle. There was an inverse correlation for variables using 20 data points (r = -0.59, P < 0.01).
peak VO, with training had an increase in muscle SC acylcarnitine content. Only one patient had a modest increase in muscle SC acylcarnitine content and an increase in peak VO,. These observations are consistent with the concept that the status of the muscle carnitine pool is predictive of exercise performance and accumulation of acylcarnitines is a marker of metabolic dysfunction (14). When the entry and exit treadmill group were combined, there data from the was an inverse relationship between the resting muscle SC acylcarnitine content and exercise performance (Fig. 3 , r = -0.59, P < 0.01).
DISCUSSION
Although the clinical benefits of exercise rehabilitation for claudication have been well established, the mechanism of improvement has not been fully elucidated. Because exercise training thasn ot been shown to significantly increase leg blood flow ( 12, 30), the present study was designed to test the hypothesis that tread .mill training would improve skeletal muscl .e metabolic function. The resu .lts demonstrated that the increase in claudication-limited peak Voa with treadmill training was associated with an improvement in intermediary metabolism, as reflected in acylcarnitine accumulation.
Effect of PAOD on skeletal muscle. Over time, patients with chronic PAOD acquire several neurological and metabolic abnormalities in the skeletal muscle of their affected legs that may have functional significance. For example, motor nerve denervation has been associated with skeletal muscle weakness (27), lowoxidative enzyme activities were associated with decreased exercise performance (24), and the accumulation of acylcarnitines (intermediates of oxidative metabolism) were associated with reduced exercise performance (14). The present study confirmed that the greatest degree of metabolic and histological alterations w as found in the patie nts' more severely diseased legs (Table 2 ). In a previous study, the prevalence of angular fibers in gastrocnemius muscle of healthy older controls was ~2% (27). In the present study, angular fibers were 4.2% in the leg with less disease and tended to be greater (7.5%) in the leg with more disease. Thus skeletal muscle denervation is a feature of PAOD, representing local neurological injury to ischemic muscle.
Citrate synthase activity was elevated in the leg with more disease relative to the leg with less disease (Table  2) and was inversely correlated with disease severity (as defined by the ABI). Although these results are consistent with those from some previous studies (19, 24), other authors have observed no enhancement in oxidative enzyme activities in PAOD (9, 27). The increased citrate synthase activity in the worse leg, the inverse correlation with hemodynamics, and the relativr 'y large number of subjects evaluated support a PALD-associated metabolic adaptation in the diseased limb. However, the functional impact of the enhanced citrate synthase activity remains unclear. Increased muscle mitochondrial content (reflected by citrate synthase activity) has been suggested as a positive adaptation to increase muscle oxidative capacity and decrease mitochondrial diffusion distances (15).
Carnitine interacts with the cellular and mitochondrial acyl-CoA pool to form acylcarnitines. Changes in the distribution between unesterified carnitine and acylcarnitines provide a marker of changes in cellular metabolism (1, 2). Patients with PAOD accumulate acylcarnitines in their plasma and ischemic skeletal muscle (10, 14) . This accumulation can be lateralized to the leg with more severe occlusive disease (Table 2; Ref. 14), and patients with the highest levels of acylcarnitines have the most limited exercise performance (10,14).
Histological changes with training. In healthy adults, endurance (aerobic) training does not change muscle fiber size but is associated with a shift from glycolytic to oxidative fibers (15). In the present study, treadmill training did not increase type I fiber area. Although type IIa and IIb fibers were not assessed, the lack of increase in citrate synthase activity is consistent with no change in oxidative fibers with treadmill training. In healthy adults, strength training increases the area of both type I and type II fibers (8). Although strength training increased muscle strength in the PAOD subjects, the resistive exercises prescribed were not associated with fiber hypertrophy. Thus changes in fiber distribution, fiber area, and muscle strength are not a critical component of the training response in patients with claudication. Importantly, capillary density could not be assessed in the present histological analysis. Changes in capillary density might contribute to the functional improvements with training (29) .
Patients randomized to the strength and control groups did not experience an increase in the frequency or intensity of their claudication during the 3 mo of training or observation. These patients also had no change in the percentage of angular or target fibers in their skeletal muscle. In contrast, the design of the The significance of this glycolytic response is unknown but may reflect a large dependence on glucose instead of fatty acids under conditions of limited oxygen delivery.
In healthy subjects, strength training is not associated with an increase in glycolytic or oxidative enzyme activity (17). In the PAOD subjects, the decrease in citrate synthase activity with strength training was not seen in the control group and has not been reported in normal subjects. Thus a decrease in oxidative enzyme activity may represent an additional insult to skeletal muscle from strength training. Acylcarnitine accumulation in tissues reflects the buildup of incomplete oxidative products of metabolism. The association between skeletal muscle accumulation of acylcarnitines and impaired exercise performance in PAOD is consistent with this model of metabolic dysfunction (14) . In the present treadmilltrained group, this relationship has been further strengthened.
In eight of ten patients, treadmill training was associated with an increase in claudicationlimited peak vo2, and in seven of these eight patients, a concomitant decrease in muscle acylcarnitine content was observed.
Furthermore, in the two patients in whom peak VO, decreased, acylcarnitine content increased. Thus, under the dynamic conditions of 12 wk of treadmill training, the link between function and muscle metabolic state was maintained.
This point is further illustrated in Fig. 3 , which demonstrates that the relationship between peak VO, and muscle acylcarnitine content for both entry and exit biopsies was well described by a single regression line. Consistent with previous observations, changes in plasma acylcarnitine metabolism were also inversely related to improvements in exercise performance (12). Study limitations.
Caution should be used in the extrapolation of the study results because a specific duration and intensity of training were employed. Complete "dose-response" curves for exercise training have not been developed, but 6 mo of treadmill training has been shown to be superior to 3 mo of treadmill training (13). Thus, whereas 3 mo of treadmill training did not increase muscle oxidative enzyme activity, exercise programs of greater duration or intensity may have modified these measurements.
However, it is also likely that skeletal muscle ischemia impaired these expected metabolic responses to the treadmill-training program.
Similarly, longer durations and different muscle-strengthening regimens might result in improved exercise performance from strength training. However, the available data (12, 13) clearly demonstrate the efficacy of treadmill training compared with strength training.
Training studies of longer duration will be needed to address these issues. Such studies will be vital, defining the functional importance of the observed denervation injury. ConeLusions. In patients with claudication, a supervised treadmill-training program is an effective means to improve exercise performance and community-based functional status (12, 13, 26). In contrast, a 12-wk supervised program of muscle strength training was only minimally effective in improving peak exercise performance (13). Thus treadmill training is recommended as the preferred mode of exercise rehabilitation in patients with limiting claudication (13). The present studies extend these observations to examine
